Botrytis blight, caused by Botrytis cinerea L., is an economically important disease of begonia and other greenhouse crops, where it can cause lesions on flowers, leaves, and stems during the entire cropping cycle (12) . The inoculum of the pathogen is widely distributed in greenhouses (26) . The disease is particularly severe under low light and high humidity greenhouse conditions (21, 25) . The greatest losses occur during transit and storage (25) . Standard control procedures for greenhouse crops depend heavily on cultural practices and humidity control, but also on timely applications of protective fungicides (18, 21) . Unfortunately, B. cinerea has developed resistance to several fungicides labeled for floricultural crops such as vinclozolin, benzimidazoles, dicarboxamides, and diethofencarb (6, 16, 21) . Recently, biocontrol agents were added to the list of commercial control strategies to improve control of this disease (18) .
Bacterial and fungal biocontrol agents have been proposed as topical sprays for control of Botrytis blight on greenhouse crops (6, 15, 27, 29, 34) . Combinations of biocontrol agents have been proposed as well (17) . The disadvantage of topical treatments is that the introduced biocontrol agent most likely will come in direct contact with fungicides applied to the foliage. This implies that it would have to be resistant to such compounds. A solution to this potential problem is the use of rhizosphere microorganisms that induce systemic resistance (ISR) in plants and thus provide control of root as well as foliar diseases (39, 41) . Fungal as well as bacterial rhizosphere microorganisms may induce this systemic effect in plants (14, 20, 55) . Isolates of several Trichoderma spp. can reduce the severity of foliar diseases of plants when applied as seed or transplant treatments, presumably by inducing ISR in plants. They include Trichoderma asperellum T-203 (20, 55) , T. hamatum GT3-2 (9), T. hamatum T382 (T382) (19, 31) , T. har-zianum T39 (14) , T. harzianum T22 (30, 44) , T. harzianum T-203 (46, 56) , and T. virens G6 (7,24) . To our knowledge, none of these isolates have been tested for activity on begonia against Botrytis blight.
Isolates of the Trichoderma spp. listed above can be natural inhabitants of bark, peat, or composts used widely as ingredients in potting mixes in the ornamentals industry (11, 22, 32, 54) . However, specific biocontrol agents such as the Trichoderma isolates listed above that can induce systemic resistance in plants do not consistently colonize potting mixes before planting of potted crops (28, 31) . As a result, most compost-amended potting mixes do not naturally reduce the severity of foliar diseases (28, 31, 38, 57) . For example, only one of 79 different batches of natural composts tested induced ISR in radish against bacterial leaf spot caused by Xanthomonas campestris pv. armoraciae (31) . Thus, inoculation with an ISR-active biocontrol agent is essential for consistent efficacy against foliar diseases of plants grown in potting mixes.
Several reports show that the microbial carrying capacity of the organic fraction in potting mixes affects suppression of Pythium and Phytophthora root rots (4, 22, 47, 48) . For example, slightly decomposed, light fibrous (H 2-3 on the Von Post decomposition scale) sphagnum peat (40) supports the activity of biocontrol agents and suppression of Pythium root rot (3,4). In contrast, highly decomposed, dark sphagnum peat (H 4 ) harvested from deeper and older layers in peat bogs does not provide these beneficial effects (3,4). Recent reports indicate that ISR induced by rhizosphere microorganisms in plants also depends on soil organic matter quality. For example, Pharand et al. (38) reported that the degree of protection provided by Pythium oligandrum in tomato against crown rot caused by Fusarium oxysporum f. sp. radicis-lycopersici was improved by amendment of a sphagnum peat mix with composted pulp and paper mill residues. Furthermore, suppression of Phytophthora leaf blight and stem dieback of cucumber provided by T382 in a sphagnum peat mix was enhanced by amendment of the mix with composted dairy manure (28) . The severity of the Phytophthora-induced disease observed in the latter work did not differ between that provided by a drench Inoculation of an industry standard light sphagnum peat potting mix with Trichoderma hamatum 382 (T382) significantly (P = 0.05) reduced the severity of Botrytis blight, caused by Botrytis cinerea, on begonia plants grown in a greenhouse. In data combined from three experiments, the degree of control provided by T382 did not differ significantly (P = 0.05) from that provided by weekly topical sprays with chlorothalonil. In addition, T382 significantly (P = 0.05) increased shoot dry weight and salability of flowering plants. Incorporation of composted cow manure (5%, vol/vol) into the light peat mix also significantly (P = 0.05) decreased blight severity while shoot dry weight and salability were increased. Blight severity on plants in this compost mix did not differ significantly (P = 0.05) from that on those in the light peat mix inoculated with T382. Finally, T382 and chlorothalonil did not significantly (P = 0.05) affect blight severity, shoot dry weight, or salability of plants grown in the compost mix. Spatial separation was maintained in begonias between the biocontrol agent T382 and the pathogen. It was concluded, therefore, that the decrease in disease severity provided by inoculation of the peat mix with T382 most likely was due to systemic resistance induced in begonia against Botrytis blight. The suppressive effect of the compost mix against Botrytis blight was unusual because composts typically do not provide such effects unless inoculated with a biocontrol agent capable of inducing systemic resistance in plants to disease.
Additional keywords: Begonia hiemalis, biological control, ISR, marginal effects analysis with the fungicide metalaxyl and that obtained with the fortified compost-amended mix. Apart from biocontrol agents, the quality of organic matter in field soil also seems to play a role in systemic induced resistance (47, 52) . Thus, expression of such activity in potting mixes may depend on specific microorganisms present in the substrate as well as the chemistry of the organic matter in the mix.
The specific objectives of this work were to determine whether: (i) inoculation of T382 into a light sphagnum peat or a compost-amended potting mix can reduce the severity of Botrytis blight of begonia; (ii) amendment of the light sphagnum peat potting mix with compost affects efficacy of T382 in control of Botrytis blight; and (iii) the effect induced by T382 is systemic in nature.
MATERIALS AND METHODS
Preparation of potting mixes. A light sphagnum peat mix, referred to hereafter as "light peat mix", and a composted cow manure-amended potting mix, referred to as "compost mix", were prepared as described by Khan et al. (28) . Briefly, the peat mix was prepared by blending light fibrous H 2-3 on the Von Post decomposition scale sphagnum peat (Sungro; Horticulture Canada, Ltd., Lamaque, N.B., Canada) with coarse horticultural grade perlite (Ball Seed Co., West Chicago, IL) at a volumetric ratio of 6:4. The mix was then amended with 0.9 g of gypsum, 0.9 g of potassium nitrate, and 0.9 g of super phosphate as starter fertilizers and 4.3 g of dolomitic lime and 2.8 g of calcium carbonate (<0.15 mm) per liter of mix to adjust the pH to 5.5 to 6.0. Such sphagnum peat mixes do not naturally induce systemic disease resistance in plants (28, 31, 38, 57) . The compost mix was prepared by blending the same source of sphagnum peat with coarse horticultural grade perlite and composted cow manure at volumetric ratios of 6:3:1. The compost was prepared in windrows from sawdust-bedded cow manure until it reached a stability level of 0.5 mg CO 2 -C g -1 dry weight per day (8). At this stage in the composting process, the sawdust in the compost had decomposed adequately to avoid nitrogen immobilization in plants (53) . During blending, starter fertilizers other than 0.9 g gypsum liter -1 mix were not added to this mix because the compost at the amendment rate used provided the concentrations of nutrients recommended at planting (18) . The compost mix was amended with 4.3 g dolomitic lime and 1.1 g calcium carbonate (<0.15 mm) liter -1 mix to adjust the pH to 5.5 to 6.0. The air capacity of both potting mixes was at least 20% (vol/vol) in a 10-cm-tall pot, and the percolation rate exceeded 2 cm min -1 .
Inoculation of potting mixes with Trichoderma hamatum 382. Both potting mixes were inoculated with a granular dry powder conidial preparation of T382 (re-ceived from Sylvan Bioproducts, Inc., Cabot, PA) at a rate of 120 g m -3 mix to establish an initial population density of 2 × 10 5 CFU T382 g -1 dry weight mix. Control transplant mixes were not inoculated with T382. All mixes, including the controls, were incubated at 25°C for 7 days before planting. The population of T382 in the control and inoculated potting mixes was monitored on two samples per treatment using a triplicate dilution series on a Trichoderma selective medium (10) . All treatments were sampled immediately after mix preparation, at planting, and at 30 and 56 days after planting. Colonies of T382 were counted after 10 days of incubation at 24°C. The identity of three presumed T382 colonies per potting mix sample was verified by light microscopy. Phialides produced by T382 examined under a light microscope served to verify the identity of T. hamatum according to Bissett (2). Confirmation of three putative isolates of T382 per potting mix sample was performed by polymerase chain reaction (PCR) analysis as described in Abbasi et al.
(1) utilizing the T382-specific primers SCE16 347 and SCH19 588 .
Botrytis blight bioassay. Rooted cuttings of Begonia hiemalis cv. Barbara, received from Oglevee Ltd., Connellsville, PA, were planted in 1,500 ml, 10-cm-tall pots and then incubated in a greenhouse at 17 to 25°C and 40 to 60% relative humidity. Potting mix treatments included the control light peat mix, the control compost mix, and the same mixes inoculated with T382. Foliar treatments included a weekly runoff spray with chlorothalonil (2.3 ml liter -1 , Daconil, flowable; Monsanto Company, San Ramon, CA) or water. After planting, soluble fertilizer (20:20:20 Peters Fertilizer; Scotts, Marysville, OH) was applied weekly at a rate of 0.125 mg N-P-K liter -1 to irrigation water to maintain fertility levels within the range recommended for begonia (18) . The same concentrations of nutrients were applied to plants in both potting mixes because a preplant compost analysis revealed that nutrients projected to be released during production of the crop would not contribute substantially to fertility of begonia plants. The experiment was a randomized complete block design, with two factors, potting mix and treatment, consisting of three blocks with three replicates per combination of mix and treatment.
Three weeks after transplanting, the relative humidity in the greenhouse was increased with a fogger to between 40 and 85% to enhance symptom development. Plants were inoculated 24 h later with a conidial suspension of B. cinerea. In this procedure, inoculum of an isolate of B. cinerea originally isolated from begonia was cultured for 7 to 10 days at 25°C on potato dextrose agar (PDA; DIFCO, Sparks, MD). Plates were then flooded with sterilized, distilled water, and conidia were dislodged with a glass rod. The conidial concentration was determined by using a hemacytometer, and the concentration was adjusted to 2.5 × 10 5 ml -1 by adding distilled water as needed. All plants were then sprayed to runoff with this inoculum. During preliminary experiments, it was determined that in vitro growth on PDA of the isolate of B. cinerea used in this work was inhibited at a concentration of 100 µg a.i. chlorothalonil per ml of PDA medium. The pathogen, therefore, was not resistant to the fungicide used in this work (56) . Botrytis blight severity was determined when symptoms developed at 4 to 7 days after inoculation and at 3-day intervals thereafter until 56 days after planting on the basis of percentage of total plant surface displaying symptoms, using a scale of 0 to 100 in 10-unit increments where 0% = symptomless, 10% = 10 percent of total plant displaying symptoms, and 100% = death of the plant.
Three experiments were performed. To avoid interference from disease symptoms caused by Pythium inoculum that might inadvertently be introduced with the rooted cuttings or during planting, a drench with metalaxyl (0.08 ml liter -1 , Subdue Maxx; Novartis Crop Protection, Inc., Greensboro, NC) was applied immediately after planting in each of the experiments. Preliminary experiments showed that this drench with metalaxyl did not affect population development of T382 in potting mixes (H. A. J. Hoitink, unpublished) .
The identity of B. cinerea in plants showing symptoms of Botrytis blight was verified in each experiment by plating sections of infected leaves and stems on PDA (DIFCO) followed by identification of the pathogen by light microscopy (50) . In addition, sections of eight begonia stems and leaves were removed from plants during harvest from each treatment and plated onto the selective Trichoderma medium (10) to determine the presence of T382 in that tissue. The identity of T382 was confirmed by PCR as described above.
Plant Thereafter, the stem of each plant was cut at the soil surface. The aboveground part of each plant, which included flowers, was then dried for 10 days at 70°C to determine the shoot dry weight. Data analysis. Area under the disease progress curve (AUDPC) was calculated for each plant based on the percent severity values. Analysis of variance (ANOVA) was used to determine the effects of potting mix, treatment, and their interaction on AUDPC and plant dry weight for each experiment. An additional ANOVA was performed for the data pooled across all experiments to determine the effects of potting mix, treatment, and experiment on ANOVA and dry weight. The MIXED procedure of SAS (SAS Inc., Cary, NC) was used for the analysis. Both mix and treatment were considered fixed effects, and the experiment was considered a random effect (43) . The Satterthwaite method was used to calculate the denominator degrees of freedom for F tests. Multiple comparisons of means based on the least significant difference (LSD) were used to determine differences of means when a main effect or interaction was significant. A significance level of P = 0.05 was used for all pairwise comparisons.
Because salability is an ordinal rating, and not a continuous random variable, a nonparametric marginal effects analysis (5,45) was used to determine the effects of potting mix, treatment, and their interaction on salability. As for shoot dry weight and AUDPC, an additional marginal effects analysis was performed on the data pooled across all experiments. The marginal effects analysis is based on ranks of the data, or equivalently, the estimated marginal treatment effects. It was performed using the methodology described in Shah and Madden (45) . Multiple comparisons also were used based on the LSD to determine differences in mean ranks (or in marginal effects). A significance level of P = 0.05 was used for all pairwise comparisons.
RESULTS
Symptoms of Botrytis blight developed on the foliage of begonias within the first week after inoculation of plants with B. cinerea in each of three experiments. The most severe symptoms developed in the first experiment (Table 1) , which was performed during short-day, winter conditions. Blight severity was much lower in experiments 2 and 3, which were performed during longer day, higher light conditions in the spring.
ANOVA indicated a significant effect of the interaction of potting mix and treatment (control, fungicide, or T382) on both AUDPC of disease severity and shoot dry weight for each experiment (P < 0.05) and for the data pooled over all experiments (P < 0.05). The random effect of experiment also was significant, indicating differences in the disease response for the different experiments. Examination of the ANOVA residuals indicated that no transformations were needed. Moreover, the nonparametric marginal-effects analysis indicated a sig-nificant mix and treatment interaction for plant salability (P < 0.05) for each experiment and for the pooled data.
The significant interaction indicates that the effect of treatment depended on the potting mix, or the effect of potting mix depended on the treatment. For the pooled data, F statistics for the interaction were 4.37 (df = 2, 64; P = 0.017) for AUDPC, 5.41 (df = 2, 55; P = 0.007) for shoot dry weight, and 5.65 (df = 2, 33; P = 0.008) for salability. Because of the significant interaction, pairwise comparisons of the six interaction means, rather than the main-effect means, were performed using the LSD to determine which means were different at P = 0.05 (Tables 1 to 3) . Emphasis is placed on the pooled results.
In all three experiments, the severity of Botrytis blight on plants in the light peat mix was much higher than that observed in the compost-amended mix. Figure 1 illustrates an example (one of three replicates in experiment 1) of the effect of each of the treatments on the severity of Botrytis blight. Overall Botrytis blight severity on plants grown in the light peat mix that had been sprayed with chlorothalonil was significantly (P = 0.05) lower than the severity on control plants (Table 1) . However, chlorothalonil did not significantly (P = 0.05) increase shoot dry weight of plants grown in the light peat mix (Table 2) . It also did not significantly (P = 0.05) affect the overall salability of flowering plants in this mix (Table 3 ). In contrast, inoculation of the light peat mix with T382 significantly (P = 0.05) decreased the overall disease severity relative to the control (Table 1), but it significantly (P = 0.05) increased overall shoot dry weight and overall salability of flowering plants compared with the control (Tables 2 and 3) .
Amendment of the light peat mix with compost significantly (P = 0.05) decreased overall Botrytis blight severity compared with the light peat mix control treatment (Table 1) . The compost amendment also x Mix was either inoculated with Trichoderma hamatum 382 during formulation of potting mixes to an initial population density of 2.0 × 10 5 CFU g -1 dry weight mix, sprayed every 7 days with chlorothalonil, or not treated (control). y Mean of shoot dry weights across all replications and all three experiments was determined. z There was a significant interaction of potting mix and treatment. Thus, comparisons of all interaction means were made. Values with the same letter within a column are not significantly different (P = 0.05) based on Fisher's least significant difference (LSD). Shown value of LSD is for comparison of overall means only. x Mix was either inoculated with Trichoderma hamatum 382 during formulation of potting mixes to an initial population density of 2.0 × 10 5 CFU g -1 dry weight mix, sprayed every 7 days with chlorothalonil, or not treated (control). y Mean of AUDPCs across all replications and all three experiments was determined. z There was a significant interaction of potting mix and treatment. Thus, comparisons of all interaction means were made. Values with the same letter within a column are not significantly different (P = 0.05) based on Fisher's least significant difference (LSD). Shown value of LSD is for comparison of overall means only. significantly (P = 0.05) increased overall shoot dry weight (Table 2) and salability (Table 3) . However, topical sprays with chlorothalonil or mix inoculation with T382 did not significantly (P = 0.05) reduce Botrytis blight severity on plants grown in the compost mix. Furthermore, overall shoot dry weight and salability on plants in the compost mix also were not affected significantly (P = 0.05) by either treatment.
The most substantial differences in effects among the three experiments were observed in the light peat mix. Under high disease pressure in experiment 1, chlorothalonil was significantly (P = 0.05) less effective than T382, based on disease severity, shoot dry weight, and salability. In contrast, in experiment 2 under low disease pressure, chlorothalonil provided a significantly (P = 0.05) higher degree of Botrytis blight control. However, shoot dry weight and salability were not affected. In experiment 3 under low disease pressure, both chlorothalonil and T382 significantly (P = 0.05) decreased disease severity, but salability was not affected even though shoot dry weight was significantly (P = 0.05) increased by chlorothalonil.
B. cinerea consistently was recovered on acidified PDA from Botrytis blight lesions. The population of T382 recovered from the inoculated light peat and compost mixes immediately after potting ranged from 2 to 4 × 10 5 CFU g -1 dry wt. After 30 days, this population had increased to 2 to 4 × 10 6 CFU g -1 dry wt potting mix. It remained at this population density until harvest. The identity of these putative T382 isolates was verified by PCR using the T382-specific primers SCE16 347 and SCH19 588 for each of three colonies per potting mix sample. T382 was not recovered on the selective Trichoderma medium from the control light peat or the compost mixes. It also was not isolated from stem sections or leaf tissue removed from plants at harvest for any of the treatments.
DISCUSSION
The degree of control of Botrytis blight provided by inoculation of the light peat mix with T382 was comparable to weekly topical sprays with the fungicide chlorothalonil, a commonly used protectant fungicide for control of this disease in the ornamentals industry (18) . An analysis of in vitro sensitivity to chlorothalonil of the isolate of B. cinerea used in this work revealed that it was sensitive to this fungicide. Therefore, partial disease control obtained in this work with chlorothalonil was not due to resistance of the isolate of B. cinerea to this fungicide. Spatial separation between the pathogen and the biocontrol agent in the host plant was maintained because T382 was not recovered from the stems or foliage of begonias produced in either mix inoculated with this biocontrol agent. Based on criteria proposed for systemic resistance induced by biocontrol agents (39) , it may be assumed that ISR played a role in control of Botrytis blight in the light peat mix used in this work.
Control of Botrytis blight with T382 confirms an earlier report on systemic control of this disease by Trichoderma (14) , which showed that inoculation of T. harzianum T39 into a peat potting mix reduced the severity of gray mold on stems and leaves of several plant species, apparently also through root-induced systemic activity. However, efficacy in that work was not compared with a commercial fungicide. Several other reports on biological control of Botrytis blight with Trichoderma preparations utilized topical applications of these biocontrol agents (14, 15, 35, 36, 49) . A disadvantage of such applications to floricultural crops is that the biopesticide carrier leaves residues on the crop, and this reduces its salability. The begonia plants in this work were produced under commercial greenhouse conditions in a light sphagnum peat mix that is used widely in the floriculture industry. Because the salability of the flowering plants was improved through inoculation of the light peat mix with T382, the potential for utilization of Trichoderma isolates that induce ISR for control of Botrytis blight in floricultural crops should be significant.
The suppressive effect of the compost mix against Botrytis blight compared with the control light peat mix was unusual because composts typically do not induce systemic resistance in plants without inoculation with a biocontrol agent capable of inducing this effect (23, 28, 31) . The overall disease severity on plants in the compost mix control (mix not inoculated with T382) was significantly (P = 0.05) lower than that on plants produced in the nonamended light peat mix or on such plants treated with chlorothalonil. Because the batch of peat used during the preparation of the compost mix was the same as that used in the light peat mix in this work, it may be possible that biocontrol agents in the compost provided the disease control.
The batches of composted cow manure used in the three begonia experiments were prepared from the same raw materials (sawdust and dairy manure) and by the same composting system and composting plant as the composted manure used previously by Khan et al. (28) and Hoitink et al. (23) . In their experiments, the natural compost mix consistently failed to induce systemic resistance in: (i) cucumber against Phytophthora blight, (ii) Pieris japonica against Phytophthora leaf blight caused by Phytophthora parasitica, and (iii) Myrica pennsylvanica against Botryosphaeria dothidea, unless the mix was inoculated with T382. The batches of composts used for the begonia crops in this work were produced during 2002 and 2003, whereas those used in the earlier work on cucumber, Pieris, and Myrica had been prepared during 2000 and 2001. It appears, therefore, that biocontrol agents that can induce systemic resistance in plants may have colonized the compost at the composting plant naturally, sometime in late 2001 or early 2002. Unique changes in operating procedures at the composting plant that involve the composting as well as the curing process may have contributed to colonization of the compost used in this work by such biocontrol agents.
Factors that contribute to the potential for natural colonization of composts after peak heating by biocontrol agents include process temperatures during composting and curing, environmental factors, and recycling of cured compost into the raw materials (13, 22, 33, 47) . The fate of specific biocontrol agents that can induce systemic resistance in plants has not been examined, to our knowledge, although it has been established that they do not survive high composting temperatures (31) . Most composting plants that produce composts for incorporation into potting mixes in the United States utilize 3-to 4-m-tall windrows and store composts in tall curing piles (4 to 6 m tall). A large proportion of the material in tall windrows and curing piles typically exceeds 45°C (42) . This means that biocontrol agents other than Bacillus spp. would not survive the process (22) . Furthermore, the moisture content of such stored products typically is lower than 45% on a total weight basis. This implies that the water content of these materials would limit colonization by most bacteria (33) , including Bacillus spp. that can function as biocontrol agents and tolerate high composting process temperatures (37) .
The composted cow manure used in this and earlier work over the 4-year period was prepared in small windrows with a 120-day composting period (6 to 8 turnings per batch) and a windrow height that did not exceed 1. 25 m (8,53) . A significant proportion of the compost mass in such small windrows remains below 40°C even though the center of such windrows reaches 65 to 70°C over extended periods of time (8, 42) . In spite of these low edge windrow temperatures, frequent turning of small windrows ensures that all parts of the compost are exposed to high temperatures to meet U.S.-EPA regulations that govern the destruction of fecal pathogens and parasites (51) . After composting, the compost used in this work was cured in 2to 3-m-tall piles where much of the mass also remained at low temperatures. Thus, ample opportunities existed in this entire process for colonization of compost by mesophilic biocontrol agents that cannot survive high process temperatures (22) . In 2001, before these experiments with bego-nia were performed, the operators of the composting plant occasionally blended some dry, cured composted cow manure with the raw manure to reduce sawdust amendment requirements and decrease the total moisture content of the fresh material to within the optimum range for composting (42) . Thus, several factors which include low process temperatures and recycling of compost may have contributed over time to colonization of the compost by biocontrol agents that can induce systemic resistance in plants.
In conclusion, opportunities for natural colonization of composts by ISR-active biocontrol agents under commercial conditions are limited. Thus, in order for composts that are widely available on a commercial scale today to induce systemic resistance in plants consistently, compostamended potting mixes will need to be inoculated with ISR-active biocontrol agents such as T382, particularly because these microorganisms are rare in natural environments (31) .
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